Aims. Optical and near-infrared spectroscopy of molecular hydrogen in interstellar shocks provide a very powerful probe to the physical conditions that prevail in interstellar shocks. Methods. Integral-field spectroscopy of H 2 in the optical wavelength region and complementary long-slit near-infrared spectroscopy towards HH91A is used to characterize the ro-vibrational population distribution among H 2 levels with excitation energies up to 30 000 cm −1 . Results. The detection of some 200 ro-vibrational lines of molecular hydrogen ranging between 7700 Å and 2.3 µm is reported. Emission lines which arise from vibrational levels up to v = 8 are detected. The H 2 emission arises from thermally excited gas where the bulk of the material is at a temperature of 2750 K and where 1% is at 6000 K. The total column density of shocked molecular hydrogen is N(H 2 ) = 10 18 cm −2 . Non-thermal excitation scenarios such as UV fluorescence do not contribute to the H 2 excitation observed towards HH91A. Conclusions. The emission of molecular hydrogen towards HH91A is explained in terms of a slow J-shock which propagates into a low-density medium which has been swept-up by previous episodes of outflows which have occurred in the evolved HH90/91 complex.
Introduction
The study of molecular hydrogen emission lines in star-forming regions provides a powerful tool to gain insight into the physical processes which occur during the early stages of star formation. Outflows from young stellar objects drive powerful shock waves into the interstellar medium. The heating associated with the shocks can give rise to the excitation and dissociation of H 2 . For low-mass protostars, the total H 2 luminosities are proportional to the accretion rates during the early phases of the protostellar evolution, and evidence exists that the proportionality extents to the high-mass stellar regime as well (Froebrich et al. 2003 , Davis et al. 2004 , Caratti o Garatti et al. 2006 , Gredel 2006 . These findings support a scenario where high-mass star formation proceeds via accretion as well but at significantly larger accretion rates, compared to their low-mass counterparts (eg. McKee & Tan 2003 , Yorke & Sonnenhalter 2002 . The shock waves that lead to H 2 emission are either continuous (C-shock) or jump type (J-shock), depending on the physical conditions in the pre-shock gas, such as the magnetic field strength and the degree of ionization. The physical parameters and the H 2 luminosities depend on the evolutionary state of the driving source. For instance, jets from Class 0 sources travel in the high density gas from which the protostars are forming, and strong H 2 emission from C-type shocks is expected. Jets from older protostars propagate into a Send offprint requests to: R. Gredel Based on observations collected at the Centro Astronomico Hispano Aleman (CAHA) Calar Alto, operated jointly by the MaxPlanck Institute for Astronomy and the Instituto de Astrofisica de Andalucia (CSIC). Based on observations collected at the European Southern Observatory, La Silla, Chile. medium at lower density, since the mass loss during the early phase of the protostellar evolution has already swept up much of the ambient gas -conditions which favor dissociative J-type shocks (Caratti o Garatti et al 2006) . The C-type shocks produce a large column of warm gas in the v'=0 levels of H 2 , while the J-type shocks produce large columns of hot gas of several 1000 K in the higher vibrational levels (Cabrit et al 2004 , Smith, O'Connell & Davis (2007 , and references therein).
Comprehensive near-infrared spectroscopy of molecular hydrogen emission in Herbig-Haro (HH) objects covering the J-, H-, and Ks-bands have consequently been used to probe the physical conditions in molecular outflows from protostars (eg. Caratti o Garatti et al. 2006 , and references therein). The H 2 emission in Herbig-Haro objects is in general dominated by thermal emission which arise from rotational levels in v'=1-5. In general, J-type shocks are preferred to explain the observed H 2 emission (Smith 1994; Gredel 1994 Gredel , 1996 McCoey et al. 2004; Nisini et al. 2002, among others) , yet it has been noted that the population distribution among ro-vibrational levels in v'=1-5 is not the best discriminator to unambiguously infer the type of shock that is at work (Flower et al. 2003) . Using emission from pure rotational lines in the (0,0) band of H 2 , Giannini et al. (2006) convincingly demonstrated that the emission towards HH54 arises from a steady-state J-shock.
In the following sections, a quantitative study of the molecular hydrogen emission in HH91A is presented. The novel aspect of the present study is given by the study of H 2 emission lines in the optical wavelength region between 7700-8700 Å, and the study of relatively faint emission lines which arise from very high-excitation ro-vibrational levels in the near-infrared.
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HH91A is part of the HH90/91 complex of Herbig-Haro (HH) objects which is located in the L1630 cloud. A comprehensive optical/infrared/millimeter study has been performed by Gredel, Reipurth & Heathcote (1992) . Complementary near-infrared observations were presented by Davis et al. (1994) . The complex shows widespread and diffuse emission of molecular hydrogen which extends over several square arcmin. Superimposed are a number of very bright H 2 knots such as HH91A. The bulk of the H 2 emission from HH91A arises from hot gas at a temperature of 2750 K (Gredel et al. 1992) . Deep near-infrared imaging by Moneti & Reipurth (1995) did not detect the energy source that drives the HH90/91 outflow. HH90/91 has been characterized to present a fairly evolved state of Herbig-Haro objects (Gredel et al. 1992) .
Because the H 2 emission towards HH91A is very bright indeed, HH91A affords the possibility to study emission from very high-excitation levels of H 2 which arise in the optical and nearinfrared wavelength regions. The population density in these levels provides a very sensitive discriminator among the various physical processes that contribute to the excitation of H 2 in shocks. The optical spectra of HH91A obtained with the integral field spectrograph PMAS at the Calar Alto 3.5m telescope are described in Sect. 2, together with complementary near-infrared spectra obtained with SOFI at the ESO/La Silla New Technology Telescope. The results are summarized in Sect 3, which also contains a description of a theoretical model of H 2 which is compared with the observations. We conclude with a discussion of the significance of non-thermal excitation scenarios of the H 2 emission towards HH91A in Sect. 4.
Observations and Reduction
Optical spectroscopy of HH91A was carried during the nights of Feb 15 and 16, 2004 , using the Potsdam Multi-Aperture Spectrophotometer PMAS at the Calar Alto 3.5m telescope (Roth et al. 2005) . PMAS is an integral field instrument and was used in its standard configuration with a 16 x 16 lenslet array of 8 ×8 on the sky. The R1200 reflective grating provided a spectral resolution of approximately R = λ/∆λ = 10 000. The grating was used at encoder settings of 49
• and 46
• , which resulted in a spectral coverage of 7690-8270 Å and 8400-8980 Å, respectively. Sky-subtraction was achieved using the nod-and-shuffle technique (Roth et al. 2004) , where the charge-shuffle mode of the CCDs is used to perform beam-switching between HH91A and a sky position during ongoing integrations. This mode results in a very high degree in the accuracy of the sky subtraction. Atmospheric transmission was corrected via the observation of various telluric standard stars. The data were obtained during non-photometric observing conditions which did not allow to derive a flux calibration. However, a number of H 2 emission lines in the 7700-8700 Å optical spectra arise from the same upper ro-vibrational levels than emission lines in the near-infrared wavelength region. Examples are the (4,1) S(3) line near 8500 Å and the (4,2) S(3) and (4,2) Q(5) lines in the J-band which arise from v'= 4, J'=5, or the (3,0) S(3), (3,0) Q(5) in the optical and the (3,1) S(3) and (3,1) Q(5) lines, which arise from v'=3, J'=5. The near-infrared observations were obtained during photometric conditions, and the H 2 population densities inferred from the near-infrared observations were used to obtain a relative flux calibration for the optical spectrum. We ignore reddening towards HH91A following Gredel et al. (1992) . The PMAS observations afford the possibility to study spatial variations in line ratios across the H 2 line emitting regions. The H 2 emission detected in the optical wavelength regime is very faint (12) 8471.
indeed. The spectra in a PMAS pixel (0.25 square arcseconds) have a too low signal to noise ratio to derive meaningful conclusions. We thus proceed and sum up all spectra over the central 5 emission region and surrender on the potential of the PMAS observations to study changes in the H 2 excitation across HH91A.
The near-infrared spectra cover the J, H, and Ks-band atmospheric windows and were obtained during the nights of Dec 20 and 21, 2003, using SOFI at the La Silla New Technology Telescope NTT. The reduction of the data and the flux calibration follows recipes described elsewhere (e.g. Gredel 2006). The observations were carried out during photometric conditions and thus allow to infer total column densities in the various rovibrational levels of H 2 (see Gredel 2006 for details). The spectra were obtained using a slit width of 0. 6. The blue grism GB in order 1 and the HR grism in orders 2 and 1 were used which provide spectral resolutions of R = 600, 1560, and 1800 in the J-, H-, and Ks-bands, respectively. The one-dimensional spectra were extracted using a 20-pixel extraction window along the slit (5. 8), which corresponds to an 'aperture' of 3.6 square arcseconds or a solid angle of Ω = 9 × 10 −11 sr −1 .
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Optical spectroscopy using PMAS
The optical spectra obtained towards HH91A are shown in Figs. 1-2. Emission from the (3,0) S(1)-S(14) lines is detected long-ward of the (3,0) S-branch band head marked by the (3,0) S(8) line at 7781 Å (Fig. 1) . The (3,0) Q(1)-Q(6) lines are detected as well, together with several lines in the (4,1) S-branch (Fig. 2) . The (8,4) S(9) line near 8496 Å is clearly detected. A wavelet analysis of the optical spectra confirms the marginal detection of the (7,3) S(11) line at 7978 Å, and of the (8,4) S(11) lines near 8763 Å. The signal to noise ratio in the latter two lines is very low indeed, and as a standalone result, the claim of the detection of the latter three emission lines in our spectra may be disputed. The red lines in Figs. 1 and 2 reproduces the expected fluxes in the (7,3) S(11) and (8,4) S(9) and S(11) lines from a model which is presented in detail below. The model is based on the analysis of the full set of some 200 observed H 2 emission lines towards HH91A and substantiates the result from the wavelet analysis, which indicates that emission from the (7,3) and (8,4) bands towards HH91A is detected.
Near-infrared spectroscopy using SOFI
The near-infrared spectra obtained with SOFI are reproduced in Figs. 3-7. The J-band spectra shown in Figs. 3,4 are dominated by emission from the (2,0) S-branch (band-head near 1.055 µm), the (3,1) S-branch (band-head near 1.118 µm), the (4,2) S-branch (band-head near 1.185 µm), and the (5,3) S-branch (band-head near 1.282 µm). Strong emission lines from the (2,0), (3,1), and (4,2) Q-branch is detected as well. In addition, various emission lines from the (6,3) S-branch band are detected long-ward of its band-head near 9506 Å, and from the (7,4) S-branch (band-head at 10028 Å), are detected (cf. Fig. 3 ). The inferred population densities in the ro-vibrational levels of v'=6 imply that emission in the (6,4) band occur at flux levels above the noise of the spectra presented here. The (6,4) Q(1)-Q(9) lines are clearly detected (see below). The expected emission lines in (6,4) S-branch, up to the band-head marked by the (6,4) S(8) line, near 13840 Å, is reproduced in Fig. 4 by the red line. The (6,4) S-branch is located in a region of poor atmospheric transmission between 1.35-1.5 µm, where the fluxes of the measured emission lines are highly uncertain. The modeled emission in the (6,4) S-branch is consistent with the observations. The emission feature near 9825-9851 Å corresponds to emission from atomic carbon (cf. Sect. 4). Emission from [FeII] , which is generally observed in HH-objects, is absent. The H-band spectra towards HH91A are shown in Figs. 5,6. The H-band spectrum is dominated by strong emission from the (1,0) S-branch (band-head marked by (1,0) S(14) near 16296 Å) and relatively strong emission from the (3,1) O(5)-O(7), (4,2) Q(11)-Q(13). In addition, emission from (6,4) Q(1)-Q(9) is detected. The bold red line reproduced in Figs. 5,6 correspond to the theoretical emission from a model presented below.
Finally, the Ks-band spectrum is shown in Fig. 7 . The emission is dominated by the very strong (1,0) S(0)-S(2) lines and the (2,1) S(1)-S(4) lines. Emission from (3,2) S(2)-S(5) and from (4,3) S(4) is detected as well. The strong H 2 lines such as the (1,0) S(7) and the (1,0) S(1) line show pronounced line wings. Those wings have no astrophysical significance and arise from an instrumental defect of SOFI, evidenced by the fact that these lines do not show wings in the spectra taken previously with IRSPEC (Gredel et al. 1992 ). Because of the relatively low spectral resolution provided by SOFI, many of the features detected in the J-, H-, and Ks-bands are blends of two or more emission lines of H 2 . In cases of line blends, no effort was made to de-convolve the lines or to assign fractional flux values to the individual components. Rather, the full line flux was assigned to each one of the possible rovibrational lines which occur at the given wavelength. Examples are the (4,2) S(9) + S(10) blend near 1.196 µm, the (2,0) Q(2) + (4,2) S(4) blend near 1.242 µm, the (4,2) S(2) + (5,3)S(10) blend near 1.284 µm, or the (2,0) Q(7) + (5,3)S(7) blend near 1.288 µm. The entries in Table 1 are thus to be read with carein cases when line blends occur, the listed H 2 column densities are too large by factors of a few. Unresolved line blends are explicitly identified in Figs. 3-7 and in Tables 1 and by an asterisk.
The H 2 column densities listed in Tables 1 and 2 are nevertheless used to construct the H 2 excitation diagram with values of ln(N(v J )/g) plotted versus excitation energy E(v J ) (see eg. Gredel 2006 for details). The diagram is reproduced in Fig. 8 . The occurrence of line blends introduces some scatter to the excitation diagram. The scatter has no physical origin nor is it introduced by non-thermal excitation scenarios. This statement is justified in detail in Sect. 4 below. We proceed in the following iterative way to derive the ro-vibrational excitation temperature of the v'J' levels. The population densities in the H 2 levels up to an excitation energy of say 10 4 cm −1 is consistent with an excitation temperature of 2750 K, which is the temperature derived by Gredel et al. 1992 from their IRSPEC spectra which were obtained at a higher spectral resolution than the spectra presented here. The population densities among the ro-vibrational levels above excitation energies of 10 4 cm −1 deviate from the population densities expected for a thermalized distribution at 2750 K. The deviation causes a curvature in the excitation diagram and indicates that a fraction of 1% of the gas is at the very high temperature of 6000 K. This statement assumes that all the levels up to excitation energies of about 30 000 cm −1 , or some 40 000 K, are thermalized. Higher gas-kinetic temperatures are in principle possible if it is assumed that the levels are sub-thermally excited. The curvature in the H 2 excitation diagram is not very pronounced and is only established through the observation of highexcitation emission lines with excitation energies above 15 000 cm −1 . This is the reason why the curvature went unnoticed in the earlier work of Gredel et al. (1992) . The relatively low degree of temperature stratification in HH91A, combined with the absence of emission from [FeII] , supports the general finding of Caratti o Garatti et al. (2006) who concluded that a significant temper- ature stratification in the H 2 emitting gas is in general observed in HH-objects which show [FeII] emission as well.
In order to judge whether the above conclusions are fully consistent with the observed optical and near-infrared spectra, we have modeled the spectrum expected from a two-component gas mixture with is at a temperature of 2750 K and where a fraction of 1% of the gas is at a temperature of 6000 K. We have used the models of Gredel & Dalgarno (1995) to calculate the theoretical H 2 emission spectrum. From the entry rates into the ro-vibrational levels v'J' of the electronic ground state of H 2 , a spectrum (Voigt profiles) is calculated as a function of parameters such as the total H 2 column density, the reddening E B−V , the desired spectral resolution R = λ/∆λ, etc. We ignore reddening towards HH91A (cf. Gredel et al. 1992 ) and calculate the expected emission spectra for the various spectral resolutions in the PMAS and SOFI spectra. Apart from the relative flux calibration of the PMAS spectra as discussed above, the only scaling that we involve is introduced by a forced match of the predicted and calculated flux in the (1,0) S(1) line. For a gas mixture of warm molecular gas at 2750K plus a fraction of 1% at 6000 K, the model calculation produces a total H 2 flux (1301), where F(1301) is the flux in the (1,0) S(1) line and where the summation is carried out over all possible emission lines of H 2 . The total H 2 population density, for the two-component gas mixture adopted here, is
18 cm −2 . The scaling factors (19.8 and 45.7 in the present case) are strongly dependent on the temperatures and column density ratios (cf. Gredel 1994).
The model calculations are reproduced by the colored lines in Figs. 1-7. In order to illustrate the contributions from the various vibrational levels of H 2 , emission which arises from vibrational levels v'≤3 is color coded in blue, emission from v'=4 in green, emission from v'=5 in magenta, and emission from v'≥6 in red. The agreement of the modeled spectrum with the observations is excellent. In general, the line fluxes in the 200 or so observed emission lines of H 2 are reproduced within 20%. Relatively large deviations (factor of 2) between the model spectrum and the observations occur for the (3,0) S(1) line near 8150Å, for (4,1) S(1) and (3,0) Q(5) near 8670 Å, and for (3,1) Q(7) near 1.37 µm, (3,1) O(5) near 1.523 µm, and (2,0) O(7) near 1.545 µm. The model also fails to reproduce the observed (9) and (8,4) S(11) lines near 8500 Å and 8685 Å, respectively, are marginally detected. The emission which is color-coded in blue, green, and red corresponds to a model spectrum with emission from vibrational levels v =3, 4, and 8, respectively (cf. Sect. 4). emission features near 1.03µm but it does reproduce the (7,5) S-branch in the H-band, which contains lines which arise from the same upper ro-vibrational levels than the lines near the (7,4) S-branch band-head near 1.03 µm. This may indicate that emission other than from the (7,4) S-branch occurs near 1.03µm. The model spectrum demonstrates that fluxes of a few 10
of individual ro-vibrational lines in the (6,3), (6,4), (7,4), and (8,4) bands are expected from a thermally excited gas towards HH91A. Among the various high-excitation lines, the model reproduces perfectly well the band head of the (6,3) S-branch near 9500 Å, the (6,4) Q(1)-Q(9) lines in the H-band. Given that some of the discrepant lines occur in relatively poor atmospheric windows, and that the rest of the 200 or so observed lines are very well reproduced, and that fluxes among lines that arise from ro-vibrational levels that span excitation energies from 4000-30 000 cm −1 are accurately modeled, we ignore the discrepancies and conclude that the observed H 2 emission arises from thermal gas at 2750 K which contains a fraction of 1% at a temperature of 6000 K. Tables 3 and 4 contains a full listing of our model results, and gives expected H 2 emission lines which have integrated line fluxes above F tot = 10 −19 W cm −2 (Table 3 ) and fluxes ranging between 0.5 − 1 × 10 −19 Wm −2 (Table 4 ). The predicted thermal fluxes towards HH91A from the two gas components (bulk at 2750 K and 1% at 6000 K) are listed separately in columns 4 and 5, respectively. The tables contain the line identification, the wavelength in µm, and the energy of the upper ro-vibrational level in cm −1 , in columns 1-3, respectively. Total line fluxes are given in column 6. Figures 10-16 contain the residuals between the observed and the modeled H 2 line fluxes. As discussed earlier in Sect. 3, it can be seen that the overall agreement between the observed and the modeled spectra is excellent.
Discussion
Optical and near-infrared emission lines from molecular hydrogen which arise from very high-excitation ro-vibrational levels in the electronic ground state of H 2 are generally seen in sources where electronic states of H 2 are pumped in strong ultraviolet radiation fields, such as in NGC 2023 (McCartney et al. 1999) . The absorption of ultraviolet radiation in the Lyman and Werner bands of H 2 and the subsequent decay of the excited 6 R. Gredel: Quantitative optical and near-infrared spectroscopy of H 2 towards HH91A electronic states via dipole radiation populates the ro-vibrational levels v'J' of the electronic X 1 Σ + g ground state of H 2 . The excited v'J' levels cascade to lower ro-vibrational levels v"J" via electric quadrupole (E2) radiation and give rise to optical and near-infrared emission of H 2 . In regions with strong X-ray radiation fields, electronic states of H 2 may also be collisionally excited by energetic secondary electrons produced by X-ray ionizations (Gredel & Dalgarno 1995) . X-rays have been detected in very fast shocks in HH-objects (HH2A, Pravdo et al. 2001; HH 154, Bally, Feigelson, & Reipurth 2003) . Pumping by Lyα photons of H 2 is possible in a warm gas which contains a fraction of H 2 in the v'=2,J'=5 level (Schwartz et al. 1987) . The excitation of electronic states by UV or Lyα photons follows dipole selection rules while the collisional excitation by secondary electrons does not. Non-thermal excitation of the ro-vibrational levels may also occur in a gas where H 2 reforms after the passage of a strong, dissociative shock (LeBourlot et al. (1995); Casu & Cecchi-Pestellini 2005; Tiné et al. 2003) . In such models, uncertainties about whether the H 2 formation energy is equipartitioned among the ro-vibrational levels, the kinetic energy of the molecule, and the internal energy of the grain lattice, translate to significant differences in the modeled H 2 spectra, and renders a comparison with the observations difficult.
The shocked gas in molecular outflows from protostars may be affected by the non-thermal excitation scenarios described above. Fast, dissociative shocks produce a radiative precursor which contains a strong ultraviolet radiation field. Embedded TTau stars in the star forming regions may contribute a significant X-ray radiation field to the environment (Guedel et al. 2007 , and references therein). Non-thermal excitation scenarios introduce a pronounced dependence of the rotational and vibrational excitation temperatures of the ro-vibrational levels in the electronic ground state of H 2 . Such is evidenced by strong deviations from the smooth Boltzmann distribution which characterizes thermal gas. None of these effects dominate the excitation of H 2 in HH91A. What is immediately clear from the H 2 excitation diagram shown in Fig. 8 , but more convincingly from the excellent agreement of the model H 2 emission spectra which arises from thermally excited gas and the observations, is that all rovibrational levels up to excitation energies of 40 000 K are in LTE. The fluxes in the high-excitation emission lines in the observed (6,4), (7,4), and (8,4) bands are in excellent agreement with the expected strengths from the two-component thermal gas described above. The presence of these lines does not require to employ non-thermal excitation scenarios to explain the observed H 2 emission towards HH91A.
At kinetic temperatures of a few 1000 K, the rate coefficients for collisional excitation of H 2 by hydrogen atoms are of the order of 10 −12 cm −3 s −1 . In order to estimate the extent at which the non-thermal excitation scenarios discussed above contribute to the H 2 excitation, we use the models of Gredel & Dalgarno (1995) to calculate the entry rates into the ro-vibrational levels of the ground state from X-ray and UV-fluorescence. X-ray ionization rates need to be significantly larger than ζ = 10
for collisional impact excitations of electronic H 2 states by fast secondary electrons to result in entry rates which exceed those from thermal excitations in a gas of a few 1000 K temperature. The generally adopted value of the cosmic-ray ionization rate in dense gas is ζ = 10 −17 s −1 . The upper limit to the ionization fraction from X-rays is about x e ≤ 10 −4 . It can thus be ruled out that X-rays contribute significantly to the H 2 emission observed towards HH91A. Similarly, a strong ultraviolet radiation field which exceeds the strength of the ambient interstellar radiation field by factors of several 100 is required for UV fluorescence to compete with the thermal population of H 2 levels in the ground state. The presence of a fast, dissociative shock with a strong UV precursor should thus be ruled out as well towards HH91A.
The fact the H 2 levels up to excitation energies of 30 000 cm −1 are thermalized requires very large densities in the compressed, post-shock gas. The critical densities which are required to populate the ro-vibrational levels are equal to the Einstein Avalues divided by the collisional de-excitation rate coefficients, n crit (v'J')=A(v'J'v"J")/< σv >. The critical densities exceed values of n crit > 10 7 cm −3 for levels with excitation energies above 30 000 cm −1 . A more careful inspection of the H 2 excitation diagram shown in Fig. 8 shows that the population density among some of the very high-excitation levels, with excitation energies above 30 000 K, may show signs of sub-thermal excitation. In particular, the population density inferred from the optical (7,3) S(11) line at 7978 Å, which has an excitation energy of 30 368 cm −1 , has a measured flux which is about a factor of three lower than what is expected from the our two-component thermal model. This may indicate the onset of subthermal excitation for the very high levels such as the v = 7, J = 13 level from which the (7,3)S(11) line arises.
From the optical observations of [SII] 6717Å and 6731Å lines, Gredel et al. (1995) inferred very low electron densities of the order of n e ≈ 300 cm −3 towards HH91A. This finding is consistent with the upper limit of the ionization fraction of 10 −4 and the critical densities derived above. The absence of emission from [FeII] (e.g. the a 4 D 7/2 − a 4 F 9/2 near 1.644µm) supports the idea that H 2 is excited by a relatively slow, nondissociative shock. Emission from ionized atomic species such as [FeII] is often observed in Herbig-Haro objects (eg. Nisini et al. 2002 ), yet the strength of the atomic lines is not well reproduced by shock-models which explain the H 2 emission. This suggests that [FeII] Flower et al. (2003) that the discrimination between C-type and J-type shocks based on H 2 excitation diagrams is far from straightforward. A J-shock is preferred here because C-type shocks fail, in general, to produce the high degree of thermalization that is observed here. This conclusion is in agreement with earlier results by Smith (1994) whose analysis is based on fewer observed H 2 lines.
As far as the possibility is concerned that the observed H 2 emission arises from molecules which reform after the passage of a fast, dissociative shock, firm statements are more difficult to reach. The H 2 emissivities produced from reforming H 2 in diffuse and dense gas were calculated by Tiné et al. (2003) and by In Fig. 9 we reproduce the H 2 emission spectrum which results from our two-component gas model (2750 K + 1% 6000 K). For the sake of simplicity, the width of the H 2 emission lines is kept constant at 200 Å over the spectral range of 5000 Å to 5 µm of 
Conclusions
The findings presented here are summarized as follows:
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grism HR order 1 ( 2, 1)S( 4) 2.004 19.4( 1.9 ) 4.9 ( 2.4 ) ( 1, 0)S ( 2) 2.034 272.4( 27.2 ) 97.4 ( 48.7 ) ( 3, 2)S ( 5) 2.066 14.9( 1.5 ) 4.8 ( 2.4 ) ( 2, 1)S ( 3) 2.074 103.1( 10.3 ) 25.9 ( 13.0 ) ( 1, 0)S ( 1) 2.122 647.9( 64.8 ) 277.3 ( 55.5 ) ( 3, 2)S ( 4) 2.128 4.0(1.0) 1.1(0.3) ( 2, 1)S ( 2) 2.154 36.4( 3.6 ) 9.8 ( 2.0 ) ( 3, 2)S ( 3) 2.201 21.9( 2.2 ) 6.0 ( 1.2 ) ( 1, 0)S ( 0) 2.223 130.5( 13.0 ) 80.4 ( 16.1 ) ( 2, 1)S ( 1) 2.248 90.6( 9.1 ) 28.7 ( 5.7 ) ( 4, 3)S ( 4) 2. Tables 1 and 2 . Filled triangles are obtained from a model calculation where the emission arises from a two-component gas model, where the bulk of the material has a total H 2 column density of 1.24 × 10 18 cm −2 and is at a temperature of 2750 K, and where a fraction of 10 16 cm −2 of H 2 is at a temperature of 6000 K. R. Gredel: Quantitative optical and near-infrared spectroscopy of H 2 towards HH91A, Online Material p 1
Online Material
R. Gredel: Quantitative optical and near-infrared spectroscopy of H 2 towards HH91A, Online Material p 2 (12) 2.679 12031.4 6.8 2.1 8.9 (1,0)S (11) 1.650 13191.1 6.0 2.5 8.5 (1,0)Q (13) 2.727 13191.1 10.9 4.6 15.5 (1,0)Q (14) 2.778 14399.1 1.9 1.1 3.0 (1,0)Q (15) 2.836 15649.6 2.8 2.4 5.1 (1,0)S (15) 1.631 18253.5 0.4 0.8 1.2 (1,0)Q (17) 2.952 18253.5 0.6 1.1 1.7 (1,0)S (17) 1.642 20957.7 0.5 2.0 2.6 (1,0)S (19) 1.675 23720.3 0.3 2.6 2.9 R. Gredel: Quantitative optical and near-infrared spectroscopy of H 2 towards HH91A, Online Material p 3 ( 5) 1.085 10955.7 100.5 22.4 122.9 (2,0)Q ( 7) 1.287 10955.7 30.8 6.9 37.7 (2,0)O ( 9) 1.680 10955.7 2.6 0.6 3.1 (2,0)S ( 6) 1.073 11732.1 26.4 7.3 33.7 (2,0)Q ( 8) 1.302 11732.1 7.6 2.1 9.7 (2,0)S ( 7) 1.064 12584.8 57.2 20.2 77.4 (2,0)Q ( 9) 1.319 12584.8 15.8 5.6 21.4 (2,0)S ( 8) 1.058 13507.4 12.7 5.8 18.5 (2,0)Q (10) 1.338 13507.4 3.5 1.6 5.1 (2,0)S ( 9) 1.054 14493.6 23.5 14.3 37.8 (2,0)Q (11) 1.358 14493.6 6.6 4.0 10.6 (2,0)S (10) 1.052 15537.1 4.5 3.7 8.2 (2,0)Q (12) 1.381 15537.1 1.3 1.1 2.4 (2,0)S (11) 1.053 16632.1 7.3 8.1 15.4 (2,0)Q (13) 1.407 16632.1 2.3 2.6 4.9 (2,0)S (12) 1.056 17771.7 1.2 1.9 3.1 (2,0)Q (14) 1.434 17771.7 0.4 0.7 1.1 (2,0)S (13) 1.061 18950.3 1.7 3.7 5.4 (2,0)Q (15) 1.465 18950.3 0.7 1.5 2.3 (2,0)S (14) 1.068 20161.8 0.2 0.8 1.0 (2,0)S (15) 1.078 21400.9 0.3 1.3 1.6 (2,0)Q (17) 1.530 21400.9 0.2 0.9 1.1 (2,1)O ( 2) 2.786 8086.9 15.3 1.5 16.8 (2,1)Q ( 1) 2.551 8193.8 70.4 7.2 77.6 R. Gredel: Quantitative optical and near-infrared spectroscopy of H 2 towards HH91A, Online Material p 4 ( 5) 7.683 10955.7 2.1 0.5 2.6 (2,2)S( 6) 6.798 11732.1 1.1 0.3 1.5 (2,2)S ( 7) 6.138 12584.8 4.7 1.7 6.4 (2,2)S ( 8) 5.633 13507.4 1.9 0.9 2.7 (2,2)S ( 9) 5.239 14493.6 5.8 3.5 9.3 (2,2)S (10) 4.927 15537.1 1.8 1.5 3.3 (2,2)S (11) 4.676 16632.1 4.7 5.2 9.9 (2,2)S (12) 4.475 17771.7 1.2 1.9 3.2 (2,2)S (13) 4.314 18950.3 2.8 6.0 8.7 (2,2)S (14) 4.184 20161.8 0.6 2.0 2.6 (2,2)S (15) 4.081 21400.9 1.3 5.6 6.9 (2,2)S (16) 4.000 22661.7 0.3 1.7 2.0 (2,2)S (17) 3.939 23939.6 0.5 4.5 5.0 (2,2)S (18) 3.896 25228.7 0.1 1.3 1.4 (2,2)S(19) 3.868 26524.8 0.2 3. ( 5) 0.784 14495.5 6.1 3.7 9.8 (3,0)Q ( 7) 0.884 14495.5 1.0 0.6 1.6 R. Gredel: Quantitative optical and near-infrared spectroscopy of H 2 towards HH91A, Online Material p 5 ( 5) 1.408 23751.0 0.4 3.5 3.9 (6,4)Q ( 7) 1.683 23751.0 0.2 1.6 1.8 (6,4)S( 6) 1.396 24353.9 0.1 1.1 1.2 (6,4)S ( 7) 1.388 25013.7 0.2 2.7 3.0 (6,4)Q ( 9) 1.737 25013.7 0.1 1.4 1.5 (6,4)S ( 9) 1.384 26480.6 0.1 1.6 1.7 (6,4)Q (11) 1.807 26480.6 0.1 1.0 1.1 (7,3)S ( 7) 0.767 27536.0 0.0 1.1 1.1 (7,3)S( 9) 0.778 28884.1 0.0 1.0 1.0 (7,4)S( 3)
1.040 25430.1 0.1 1.5 1.6 (7,4)S ( 5) 1.029 26370.4 0.1 2.0 2.1 (7,4)S ( 7) 1.028 27536.0 0.1 1.9 2.0 (7,4)S( 9)
1.039 28884.1 0.0 1.5 1.5 (7,5)S( 3)
1.562 25430.1 0.1 1.5 1.6 (7,5)S( 5) 1.524 26370.4 0.1 1.5 1.6 (7,5)S ( 7) 1 ( 5) 1.139 25430.1 0.0 0.6 0.6 (7,4)S ( 4) 1.033 25869.5 0.0 0.6 0.6 (7,4)Q ( 7) 1.168 26370.4 0.0 0.6 0.6 (7,4)S ( 6) 1.027 26927.7 0.0 0.7 0.7 (7,4)Q ( 9) 1.208 27536.0 0.0 0.5 0.6 (7,4)S ( 8) 1.032 28190.1 0.0 0.6 0.6 (7,4)S (11) 1.061 30368.2 0.0 0.9 0.9 (7,5)Q ( 1) 1 ( 7) 0.917 31805.9 0.0 0.6 0.6 (9,6)S( 3) 1.239 30077.2 0.0 0.6 0.6 (9,6)S ( 5) 1.232 30854.1 0.0 0.7 0.7 (9,6)S ( 7) 1.241 31805.9 0.0 0.6 0.6
